Two polynyas over the deep ocean were observed in the Antarctic region during the winter of 1980: one near 43øE, 66øS (Cosmonaut polynya) and another near 2øE, 64øS (Maud Rise polynya). The time history of these two polynyas was examined on an alternate day basis using ice concentration maps from the Nimbus 7 scanning multichannel microwave radiometer (SMMR). A quantitative analysis of a study area around it shows that the totally enclosed Cosmonaut polynya attained a maximum size on July 25,
INTRODUCTION
After almost a decade of absence since its appearance for three consecutive years (1974) (1975) (1976) , the large winter Weddell polynya remains a mysterious and intriguing phenomenon.
Examination
of the southern ocean sea ice cover from 1979 to the present using data from the Nimbus 7 scanning multichannel microwave radiometer (SMMR) has shown no evidence of a similar winter polynya that persisted throughout the season. This is also true for 1977 to 1978, as can be inferred from the National Oceanic and Atmospheric Administration (NOAA)/Navy biweekly ice maps. Polynyas of smaller size and shorter duration, however, have been reported along the coastal regions of Antarctica [Bromwich and Kurtz, 1982; Zwally et al., 1985; Cavalieri and Martin, 1985] . Coastal polynyas are probably maintained by the wind, which removes sea ice as it forms. Ocean-to-atmosphere heat loss is supported by the latent heat of fusion, and coastal polynyas are considered as latent heat polynyas. In this manner, coastal polynyas would be the sites for the generation of sea ice and salinization of shelf water [Zwally et al., 1985] . On the other hand, polynyas over the deep ocean are likely to be maintained by deep-reaching convection, which induces heat into the surface layer [Gordon, 1982] . Such deep ocean polynyas [e.g., the large Weddell polynya in the mid-1970s] can be considered sensible heat polynyas and would be located in areas where large reservoirs of relatively warm water occur immediately below the shallow and weak pycnocline Copyright 1987 by the American Geophysical Union.
Paper number 7C0038. 0148-0227/87/007 C-0038 $05.00 [Martinson et al., 1981] . Upwelling and entrainment of this heat into the mixed layer is an important factor in the formation of such polynyas, as was pointed out by Gordon and Huber [ 1984] . This paper is focused on two remarkable deep ocean polynyas observed in the Antarctic region during the winter of 1980: a recurring polynya at about 43øE, 66øS, which will be referred to as the Cosmonaut polynya since the area is located over the Cosmonaut Sea (as shown in GEBCO bathymetric sheet 5.18 [Vanney and Johnson, 1985] ); and a polynya at about 2øE, 64øS, which will be called the Maud Rise polynya, in view of its proximity to the Maud Rise topographic feature. The Maud Rise polynya is located in the region where the large Weddell polynya was observed in the mid 1970s. The relationship of the size and location of these polynyas to the oceanographic and meteorological data is presented. A possible relationship between the two polynyas is suggested in that both are in the eastern margins of the Weddell Sea.
SATELLITE MICROWAVE OBSERVATIONS OF THE POLYNYAS
To examine the existence, persistence, and spatial variabilities of polynyas in the southern hemisphere, a data set of 2-day-averaged ice concentration maps, covering several years of SMMR data, were generated using the procedure discussed by Comiso et al. [1984] and Comiso and Sullivan [1986] . Twoday averages were used instead of orbital or daily data because complete spatial coverage of the polynya regions is important for this study, and substantial data gaps in the maps would occur otherwise. These 2-day averages actually cover 3 days because the SMMR sensor operates on an alternate-day basis only. Figure 1 shows a sequence of color-coded 2-day ice concentration maps from SMMR observations in 1980. The days indicated in the images are days between actual observations. The series of images shows the initial stages of the ice cover over the Cosmonaut Sea and the Maud Rise during fall, and the formation and recurrences of the polynyas in the winter through spring.
Cosmonaut Polynya
The Cosmonaut Sea had little ice cover until June 28, when an embayment of ice-free water started to form at about 65øS and 45øE. The sequence of images in Plate 1 shows the formation of an opening within the ice pack, the initial stages of which are similar to those of the large Weddell polynya [Carsey, 1980; Martinson et al., 1981] . The embayment of open water persisted for several weeks until about July 16, when ice began to encircle the feature, causing the formation of the Cosmonaut polynya on July 22. The time of complete enclosure also seems to coincide approximately with the time of maximum size for the open water. During the days that followed, slight distortions of its shape could be observed, but the most obvious change with time is the shrinking of its size until its complete disappearance on August 17. Except for a slight reduction in concentration in the vicinity from August 30 (not shown) to September 2, the Cosmonaut polynya did not recur during the rest of the winter.
To quantify the variability of the ice cover in the Cosmonaut Sea during the formation of the polynya, a rectangular study area which was about 285,000 km 2 in size, and which (Figure l a) shows that before July 27, the study area was partly covered by the icefree region beyond the edge of the ice (see Plate 1). This is indicated in the plot by a consistently low value of less than 8% ice concentration.
The minimum concentration increased to 21% on July 30 after the polynya was formed, then to 44% on August 5, but it dropped back to 8% on August 9. During the apparent disappearance of the Cosmonaut polynya on August 16, the minimum ice concentration was about 71% in the study region. However, these values are associated with areas close to the marginal sea ice region where it is normal to find ice concentrations significantly lower than 100%. The plot for maximum concentration shows that ice cover in the study region generally includes areas of consolidated ice, with 95ø/,, representing the lowest value after July 11. The maximum ice concentration is sometimes shown as slightly greater than 100% because of underestimates in the emissivity of consolidated ice. 
Error Analysis
The errors associated with the quantification of the sizes of the polynyas are difficult to evaluate primarily because of large variability of the microwave emissivities of sea ice in the polynya regions. One primary source of uncertainty is that associated with the formation of new ice and the refreezing of leads. An exponential dependence of emissivity with thickness has been observed by Grenfell and Comiso [1986] The shallowing of the pycnocline layer separating the temperature minimum and deepwater masses in the Maud Rise area is seen in hydrographic sections in Figure 6 (reproduced from Gordon and Huber [1984] ; also see Plates 188-123 of Gordon and MolineIll [1982] ). Associated with the pycnocline doming is thinning of the temperature minimum layer, and directly below the shallowed pycnocline, the deep water attains its warmest, most saline condition for the region. In addition, the isopycnals below the temperature maximum of the deep water are depressed, thus acting to compensate in a baroclinic sense the elevated isopycnals of the pycnocline. This leads to a maximum of geostropic current near the temperature maximum layer (relative to a deeper reference level [Gordon and Huber, 1984] .
The shallowed pycnocline across the Cosmonaut Sea area is not as well covered by series of hydrographic stations. The Conrad hydrographic and expendable bathythermograph (XBT) sections along 37øE and 33øE, respectively [Jacobs et al., 1980; Gordon and Molinelli, 1982, Plates 126-131] fall to the west of the shallowed pycnocline region. However, they do reveal shallowed pycnocline near 64øS, although the 0øC isotherm is deeper than 100 m. The southern ocean pycnocline, which separates the base of the winter mixed layer (which in summer is the temperature minimum layer) from the warm Weddell deep water, is quite weak. The •o differential across the pycnocline is only 0.2 [Gordon, 1981; Gordon and Huber, 1984] . This makes the pycnocline particularly susceptible to static instability during the winter. Instability results in convective overturning, which would effectively exchange warm deep water with cold surface water, thus inhibiting sea ice formation. Significant cooling of deep waters to depths of 3000 m occurred during the 1970s, supporting the hypothesis that convective overturning was the primary mechanism responsible for maintenance of the Weddell polynya during the mid-1970s [Gordon, 1982] . In this regard, the Weddell polynya can be considered as a sensible heat polynya, held open by oceanic heat, which was then vented to the atmosphere.
The probability of convective overturning between the cold surface and warm deep layers for a given sea-air buoyancy flux is much greater for the thin, mixed-layer, shallow pycnocline conditions [Martinson et al., 1981] . This suggests that continued, wind-induced upwelling of the pycnocline eventually preconditions an area for convection and polynya generation. The localized shallow pycnocline may be a climatic situation, but temporal variability would be expected which can trigger a polynya. In a general sense, a balance is achieved between the regional Ekman-induced upwelling and downward entrainment of the mixed layer into the warmer deep water. Gordon et al., [1984] report that the regional entrainment rate for the Weddell gyre is approximately 30 m per year, matching the Ekman upwelling. Doming of the pycnocline would result in greater entrainment [Martinson et al., 1981; Gordon and Huber, 1984] .
The stability of the stratification depends on the amount of fresh water introduced to the surface layer. Should the entrainment rate increase or the temperature and salinity of the deep water change, the heat and salinity balance of the surface layer would be altered. Associated also in that doming are warmer, saltier deepwater compounds, which are the thermohaline effects on the surface layer. Gordon and Huber [1984] point out that unless there is an increase in freshwater introduction (excess precipitation over evaporation and a net convergence of sea ice) to the mixed layer, pycnocline doming, with the associated enhanced upward heat and salt flux, would tend to destabilize the water column. They suggest that wind induced "spin-up" of the Weddell gyre may play a role in increasing the inflow of deepwater heat and salt into the gyre and further doming of the pycnocline. During the convective mode, these polynyas will ventilate the deep ocean.
There is the obvious question as to polynya-terminating factors. As Martinson et al. [1981] point out, the convection can be stopped only if sufficient fresh water is introduced to the area. The convection within an active polynya is selfperpetuating in that as the newer exposed deep water cools it becomes denser and sinks, forcing further convection. The convection would cease in spring as the atmosphere no longer removes heat, or at any time that the area is flooded by fresh water [Martinson et al., 1981] . The low-salinity "cap" stabilizes the water column, supressing convection. Since the amount of fresh water required to stop the convection is approximately double the excess regional precipitation over evaporation [Martinson et al., 1981; Gordon and Huber, 1984] , the most reasonable mechanism is net convergence of sea ice with a thickness of slightly under 1 m [Clarke and Ackley, 1984] , i.e., ice exceeds precipitation as a freshwater source if it can converge into the polynya and melt.
POLYNYA SIZE VERSUS PERSISTENCE
The recurring polynyas of the Maud Rise and the Cosmonaut Sea regions differ from the Weddell polynya of the mid1970s, which was larger and persisted for the entire winter. During each winter, and for the three consecutive winters of its existence, the Weddell polynya slowly drifted to the west [Carsey, 1980] . This drift is attributed to the general circulation advecting the convective regime [Gordon, 1982] . The termination of the Weddell polynya and of the recurring polynya is probably related to net convergence and melting of sea ice, as was discussed previously. The larger the convective region of the polynya, the greater must be the rate of ice injection to attenuate convection. The polynya area grows with the square of the mean radius, while the polynya ice edge grows linearly with the radius. Thus the larger the polynya, the less "apparent" is the boundary and the better protected is the convective interior region from the ice.
We suggest that the larger the size of a sensible heat polynya, the greater the probability of persistence and the less change of sufficient sea ice inflow. Polynyas must attain a certain threshold size before they can persist for long periods. It is proposed that these deep ocean polynyas are products of deep-reaching convection which introduces warmer deep water into the surface layer. In this way they are viewed as sensible heat polynyas in that they are maintained by oceanic heat. The oceanographic settings of these two polynyas are similar in terms of the pycnocline depth. The hydrographic data at both sites indicate the existence of localized doming of the pycnocline. The observed pycnocline shallowing at the Maud Rise and Cosmonaut Sea areas preconditions these regions for polynya generation. Enhanced doming of the pycnocline (relative to a climatic condition) induced by the direct wind effect or by ocean circulation spin-up by the larger-scale wind field, would be expected to trigger the polynya. The polynya would then be maintained by ocean convection. This is an effective precondition for deep-reaching convection.
The sporadic nature of these polynyas in contrast to those in the mid-1970s suggests that the size of the polynya is related to persistence. The primary mechanism for the termination of these polynyas is wind-induced ice influence to the convective region. The characteristics of the Cosmonaut polynya correspond to changes in wind field at the adjacent coastal station (Syowa). However, the meteorological data at the coastal station may not be representative of the data in the open ocean, and therefore a more detailed comparison is not warranted at this time.
